In spite of the acknowledged importance of growth-promoting bacteria, only a reduced number of studies were conducted with these microorganisms on Theobroma cacao. The objectives of this work were to study the population densities and genetic diversity of actinomycetes associated with the rhizosphere of cacao as a first step in their application in plant growth promotion and biological control. The populations densities of actinomycetes in soil and cacao roots were similar, with mean values of 1,0 x 10 6 CFU/g and 9,6 x 10 5 CFU/g, respectively. All isolates selected and used in this study were identified through sequencing analyses of a fragment of the rpoB gene that encodes the β-subunit of the RNA polymerase as species of the genus Streptomyces. In vitro cellulolytic, xilanolytic and chitinolytic activity, indolacetic acid production and phosphate solubilization activities were observed in most of the isolates tested. The data obtained in this study demonstrate that actinomycetes account for a higher percentage of the total population of culturable bacteria in soil than on cacao roots. Additionally, actinomycetes from the cacao rhizosphere are genetically diverse and have potential applications as agents of growth promotion.
INTRODUCTION
Chocolate is made of dried seeds obtained from the cacao tree (Theobroma cacao, Malvaceae). This crop is cultivated mainly by smallholder farmers in the humid tropical areas of the world, including South and Central America, Asia and Africa (28) . The main constraint for cacao production around the world is the occurrence of diseases caused by fungi, Stramenopila and viruses (3, 11) . These diseases are not properly managed in most farms because of several reasons, among them, the lack of knowledge and alternatives and the high costs of labor and agrochemicals. Novel alternatives for controlling cacao diseases are required and many researchers around the world are looking at different possibilities. Biological control is one the most desired methods for controlling cacao diseases due to its environmentally-friendly characteristics and lower costs as compared to chemicals. Several microorganisms are being investigated for their potential as biological control agents of cacao diseases. Trichoderma stromaticum, a mycoparasite that destroys Moniliophthora perniciosa, the agent of witchesb room disease, is being used in the field (30) . Although very efficient as a mycoparasite, this fungus does not prevent the infection of cacao trees by the pathogen. Other microorganisms that may give protection against pathogen invasion include fungal endophytes, other mycoparasitic fungi, rhizobacteria and actinomycetes (22) . Endophytes from leaves and trunks of cacao and other mycoparasites are being studied by some groups (2, 13) . On the other hand, little is known about the microorganisms associated to the cacao rhizosphere, specially the actinomycetes.
Actinomicetes are Gram positive, aerobic and myceliumforming bacteria. This group of prokaryotes is known for their activity in nutrient cycling, nitrogen fixation, production of secondary metabolites and plant-growth promotion (7, 20) . Plant-growth promotion may occur due to both direct and indirect effects. Direct effects include production of phytohormones, phosphate solubilization, nitrogen fixation and increased nutrient uptake. While indirect effects may be due to the control of pathogens by the production of secondary metabolites, competition, parasitism and induction of resistance (7) . Although some information is available on the populations of actinomycetes in a range of soils and plant roots (8,10), virtually nothing is known about the population densities of these bacteria on the cacao rhizosphere and their influence on plant growth and health. The most commom genus among this large group of bacteria is Streptomyces, with more than 3000 species (6) . This genus is found worldwide and is thought to play an important role in soil and plant ecology. These organisms have been widely investigated as agents of biological control of several plant diseases (16) . However, despite the recognized importance of these microbes, no studies so far have addressed the role of root-associated actinomycetes in plant growth promotion and biological control of cacao diseases. In one study, actinomycetes isolated from the surface of cacao pods showed great potential in the biological control of black pod rot and witches´ broom disease (22) .
This research aimed at studying the population densities and the diversity of actinomycetes associated to the cacao rhizosphere as a first step in the application of these microorganisms in growth promotion and management of cacao diseases. Population densities of actinomycetes were determined in soil and roots of cacao trees. Sequencing analyses of a fragment of the rpoB gene, encoding the β-subunit of RNA polymerase, allowed the study of the genetic diversity and the molecular identification of representative isolates. Production of extracellular enzymes was evaluated to access the potential use of these microorganisms in biological control of cacao diseases. Table 1 .
MATERIAL AND METHODS

Population
Population densities on roots and soil were determined by dilution plating onto nutrient agar (21) for total culturable bacteria and onto soil extract medium (22) for actinomycetes. Both media were amended with ciclohexamide (100 μg/mL) and culturable bacteria were determined after incubating at 25ºC for 48 h and actinomycetes after incubation at 30ºC for 12 days. Discrete actinomycete colonies were randomly selected, transferred to AGS medium (Arginine-Glycerol-Mineral Salt Agar) (25) , grown at 30ºC for 14 days, stored at -20ºC in 40% glycerol to be used in further studies.
Quantification of the population densities was done twice, data were transformed with log (x + 1), where x is the number of CFU/g soil or roots. Statistical analyses were performed separately for each experiment with the program SAS (SAS institute, Inc.). Tukey´s test at 5% probability was used to test the differences among the means.
Genetic diversity and molecular identification of actinomycetes
A total of 38 actinomycete isolates were randomly selected and used in the genetic diversity and molecular identification studies by sequencing of a fragment of the rpoB gene.
For DNA extraction, the actinomycete isolates were grown for 20 days in liquid starch-casein medium (19) . Cells were collected by centrifuging the growth medium at 14,000 rpm for 15 min. The collected cells were lyophilized for 18 h and ground with liquid nitrogen. Approximately 20 mg of the powder was used for extraction following the glass powder protocol (26) .
For theses studies, sequencing analyses of the rpoB gene was used, following recommendations of Kim et al. (17) . According to these authors, rpoB sequencing proved superior to sequences of the 16S region of the rDNA for phylogenetic analyses and molecular identification of actinomycetes. Sequences of the rDNA possess intrinsic characteristics that render it with limited power to distinguish closely related organisms (9, 33, 35) . Amplification of a fragment of the rpoB gene, which is the gene that encodes the beta subunit of the DNA-dependent RNA polymerase was amplified with primers SRPOF1 and SRPOR1 (17) . PCR was performed in a total volume of 50 μL containing 50 mM of PCR buffer, 1,5 mM of MgCl 2 , 200 mM of dNTPs (Promega, Madison, WI, USA), 20 pmol of each primer, 6 μL of genomic DNA (10 ng μL ) and 2 U of Taq DNA polymerase (Promega). The cycling program consisted of an initial denaturation at 94ºC for 2 min, 10 cycles of denaturation at 94ºC for 1 min, primer annealing at 58ºC for 45 sec, decreased by 1ºC each succeeding cycle, and elongation at 72ºC for 1 min, followed by 30 cycles of denaturation at 94ºC for 45 sec, annealing at 52ºC for 45 sec, elongation at 72ºC for 1 min, and a final extension of 72ºC for 5 min. The amplified products were separated on 1.5% low-melting point agarose gels, excised, frozen for 30 min at -80ºC, and centrifuged for 10 min at 14000 rpm (Eppendorf microcentrifuge) (29) . The supernatant was used in sequencing reactions with the Taq-mediated DyeDeoxy terminator cycle sequencing The following accession numbers were obtained from public databases for comparison purposes: Streptomyces coelicolor (AY280745 and AL939121), S. albiflavus (DQ978980), S. netropsis (AY280782), S. fradiae (AY280750), S. purpureus (AY280795), S. setonii (AY280766), S. violaceusniger (DQ242003 and DQ241994) and Micromonosporae echinospora (AY280788).
Alignments were done with ClustalX version 1.8 (31) . The BLAST program (1) was used to compare the sequences with the ones deposited in public databases. Phylogenetic trees were constructed with the program MEGA version 3.1 (18) with the method of maximum parsimony with parameters of Jukes-Cantor and bootstrap analysis with 1000 resamplings.
Production of extracellular enzymes, indolacetic acid, and phosphate solubilization
The following 26 isolates were randomly selected and tested for production of extracellular enzymes, phosphate solubilization and production of indolacetic acid: 32, 35, 36, 
Secretion of the extracellular enzymes cellulase, chitinase and xylanase were determined by cultivating the isolates on a minimal salts medium (32), supplemented with crystalline cellulose (Vetec), xylan (Sigma) and colloidal chitin (Sigma), respectively as sole carbon source (27) . Phosphate solubilization capacity was determined by growing the isolates on Tryptic Casein Soybean Agar (TSA) supplemented with CaHPO 4 (14) . Indolacetic acid production was tested by growth on TSA medium amended with 5 mM of L-tryptophan according to the method described by Brici et al. (4) .
RESULTS
Population densities
Population densities of total culturable bacteria were not significantly different in soil and cacao roots (P>0.05). Actinomycete population densities were also similar in soil and roots (P>0.05) ( Table 2) . However, when populations of total culturable bacteria were compared to actinomycete populations separately, in soil and on cacao roots, there were significant differences for both (P<0.05; data not shown). The percentage of the total culturable bacterial population represented by actinomycetes varied from 0.3 to 5.2% in soil and from 0.02 to 2.4% on cacao roots (Table 2 ). These data show that populations of actinomycetes although similar in soil and on roots accounted for a higher percentage of the populations of total culturable bacteria in soil than on roots.
Genetic diversity and molecular identification
A total of 38 actinomycete isolates from the cacao rhizosphere were randomly selected for sequencing a fragment of the rpoB gene. This gene encodes the β-subunit of RNA polymerase. Phylogenetic analysis of 307-bp aligned nucleotides showed that these isolates are genetically diverse and belong to the genus Streptomyces (Fig. 1) .
Five genetic groups were formed among the 38 isolates included in the study (Fig. 1) . The 25 isolates included in genetic group I showed sequence identities varying from 93 to 100%. Isolates from this genetic group showed 95.3 to 100% sequence identity when compared their most closely related sequences in the database, which are from Streptomyces coelicolor isolates (accession numbers AY280745 and AL939121). The 6 isolates from genetic group II showed sequence identities varying from 95 to 100% among them. Sequence identity was 99.7% when isolates 9, 11, and 41 were compared to a sequence of the same gene obtained from the species S. albidiflavus DQ978980 deposited in public databases. 
Production of extracellular enzymes, indolacetic acid, and phosphate solubilization
From the 26 isolates tested, all of them were capable of producing cellulase, 92.3% produced xylanase, 84.6% produced chitinase, 88.5% secreted indolacetic acid and 84.6% were able to solubilize phosphate.
DISCUSSION
Despite the acknowledged importance of soil and root associated microorganisms, little is known about and the effects of actinomycetes associated with Theobroma cacao. In this study we focused on the population densities and genetic diversity of actinomycetes from the cacao rhizosphere as a first step toward a practical application of these microbes as agents of biological control and plant-growth promotion.
The fact that populations of actinomycetes accounted for a higher percentage of the total culturable bacteria in soil than on roots is probably due to the low competitive capacity of this group of bacteria on roots (24) . Other studies show that populations of actinomycetes represent more than 30% of the total culturable bacteria from soils and roots (15, 23) . However, solubilize phosphate in our in vitro experiments seems not to be responsible for the induction of plant growth observed in greenhouse assays. In these preliminary experiments, two out of 13 isolates tested in a repeated experiment were able to significantly (P<0.05) increase shoot length of cacao seedlings grown on substrate treated with these isolates (data not shown). Interestingly, their ability to produce extracellular enzymes, indolacetic acid and to solubilize phosphate did not differ in our in vitro assays. Although we are aware that in general there is no correlation between results of in vitro experiments and in vivo activity (34, 36) , these in vitro assays may indicate the potential of the isolates being tested for applications such as biological control, composting, and plant-growth promotion, as reported by other authors (5) . We are in the process of testing other isolates as agents of plant growth and against cacao diseases as a first step in their field application.
In conclusion, we report the first, if not the only study on population densities and genetic diversity of actinomycetes in the rhizosphere of Theobroma cacao and began addressing their use in growth promotion.
RESUMO
Densidades populacionais e diversidade genética de actinomicetos associados a rizosfera de Theobroma cacao
Apesar da reconhecida importância das bactérias promotoras de crescimento, apenas um reduzido número de estudos foi conduzido com este grupo de microrganismos na cultura do our studies showed that actinomycetes accounted for a maximum of 5 and 2.5% of the total culturable bacteria in soil and roots, respectively ( Table 2) . These results may indicate that actinomycetes do not favor the association with the rhizosphere of Theobroma cacao, although we recognize that a limited number of samples was analyzed. Analyses of a higher number of samples should be performed to confirm this hypothesis.
The molecular identification of 38 isolates was accomplished by sequencing analyses of a fragment of the gene rpoB that encodes the β-subunit of RNA polymerase (Fig. 1) . The identification of all selected isolates as species of the genus Streptomyces was somewhat expected because this genus represents 70-90% of the actinomycetes found in natural environments (15, 23) .
Actinomycete taxonomy is in a stagnant phase where although there are more than 3000 species described (6), no scientific study has looked at the number of valid species in an integrated manner. The inexistence of a complete culture collection containing all described actinomycete species is the most limiting factor for accomplishing this task. In this study, 25 out of 38 isolates were identified as S. coelicolor (Fig. 1) . The variation of sequence identity among the isolates and the reference strains does not allow a precise identification of all isolates in group I and in the other genetic groups. Some of the isolates used in this study may represent undescribed species since the diversity of actinomycetes associated with cacao cultivated in Brazilian soils is largely untapped. Obviously, further taxonomic studies should be conducted in a worldwide context in order to gain more insight in the taxonomy of actinomycetes in general and in the genus Streptomyces in particular. Detailed studies should be performed on the basis of a multigene sequence approach to allow an in-depth phylogenetic assessment of the diversity within the actinomycetes associated with Theobroma cacao.
The ability of most actinomycete isolates tested to produce extracellular enzymes, indolacetic acid and their capacity to cacaueiro. Os objetivos deste trabalho foram o estudo da densidade populacional e da diversidade genética de actinomicetos associados à rizosfera do cacaueiro como o primeiro passo para sua utilização na promoção de crescimento de mudas desta cultura e no controle biológico de doenças. As densidades populacionais de actinomicetos em amostras de solo e de raízes de cacaueiro foram semelhantes, com valores médios de 1,0 x 10 6 UFC/g e de 9,6 x 10 5 UFC/g, respectivamente. Todos os isolados selecionados para este estudo foram identificados através de análises de seqüências de um fragmento do gene rpoB, que codifica a β-subunidade da RNA polimerase, como pertencentes ao gênero Streptomyces. Dentre os isolados testados, constatou-se in vitro, a produção de celulase, xilanase, quitinase, ácido indolacético e a capacidade de solubilização de fosfato. Os dados obtidos demonstram que os actinomicetos representam uma maior proporção da população total de bactérias cultiváveis em solo do que em raízes. Adicionalmente, os actinomicetos da rizosfera do cacaueiro são geneticamente diversos e apresentam potencial para atuarem como agentes de promoção de crescimento.
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